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ABSTRACT

A high-intensity laser was used to shock compress liquid deuterium to pressures between 0.22 and
3.4 megabars (Mbar). Shock density, pressure, and temperature were determined using a variety of
experimental techniques and diagnostics. This pressure regime spans the transformation of deuterium
from an insulating molecular fluid to an atomic metallic fluid. Data reveal a significant increase in com-
pressibility and a temperature inflection near 1 Mbar, both indicative of such a transition. Single-
wavelength reflectivity measurements of the shock front demonstrated that deuterium shocked above

~ 0.5 Mbar is indeed metallic.

Subject headings: atomic processes — equation of state — methods: laboratory — shock waves

1. INTRODUCTION

Hydrogen at high pressure is one of the most difficult to
understand. Having only a single electron, it shows charac-
teristics of both alkalis and halogens (Ashcroft 1995;
Hemley & Ashcroft 1998). At low pressure, hydrogen iso-
topes are halogenous, covalent diatomic molecules that
form insulators. With increasing pressure, the isotopes
transform into alkali metals although the mechanism is
complex and unknown. The metallic transition and its
effects on the equation of state (EOS) at pressures near 1
megabar (Mbar) are integral to models of many hydrogen-
bearing astrophysical objects (Van Horn 1991), including
giant planets (Smoluchowski 1967; Hubbard 1981; Chab-
rier et al. 1992), brown dwarfs (Saumon et al. 1992;
Hubbard et al. 1997), and low-mass stars (Chabrier &
Baraffe 1997).

Figure 1 shows the phase space of hydrogen in the vicin-
ity of the finite-temperature insulator-metal transition in
the regime of the fluid metal-insulator phase transition
(Saumon, Chabrier, & Van Horn 1995). Here I' = e?(4n/
3n)13/kT, where n is the particle density, is a measure of the
interparticle correlation strength; a value of I' > 1 signifies
strong coupling between the fluid constituents and a com-
mensurate lack of simplifying assumptions that enable
theoretical calculations. The Fermi energy is g; for tem-
peratures kT < &y, matter is partially degenerate.

This regime of high density and extreme pressure is fun-
damentally difficult to address theoretically: it is a dynamic,
strongly correlated, partially degenerate composite of H,,
H, H*, and electrons, as well as molecular chains, where no
simple approximation is available. It is a high-pressure
regime where both molecular dissociation and ionization
can be initiated through density as well as thermal effects.
Early EOS models either did not include these effects or
predicted that their consequences for the EOS would be
small (Kerley 1972, 1980; Ross, Ree, & Young 1983). More
recent models and simulations vary in their predictions.
Indeed, theories disagree about the nature of the phase
boundary: it is not known whether the phase transition is
continuous or abrupt. Recent molecular dynamics simula-
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tions largely replicate the earlier models (Lenosky, Kress, &
Collins 1997). Ross (1998) predicts significant modifications
to the EOS through a continuous dissociative transition,
while other models (Saumon & Chabrier 1989; Reinholz,
Redmer, & Nagel 1995) and computer simulations (Magro
et al. 1996; Militzer, Magro, & Ceperley 1998) predict a
first-order phase transition from the molecular to the metal-
lic phase. It is a regime where data are needed to guide
theory. However, until recently, the regime of the metal-
insulator transition was experimentally unattainable.

Most theories predict less than 3 Mbar for the insulator-
metal transition pressure along the 0 K isotherm (Wigner &
Huntington 1935; Natoli, Martin, & Ceperley 1993). Static
(diamond anvil cell) experiments (Loubeyre et al. 1996;
Hemley et al. 1996) at these pressures have not shown evi-
dence of metallization (Narayana et al. 1998). However,
dynamic (shock) experiments have yielded evidence of
changes associated with an increase in the number of charge
carriers at pressures much lower than 3 Mbar. An increase
of 3 orders of magnitude in the electrical conductivity of
fluid hydrogen was observed after the fluid was multiply
shocked to 1.4 Mbar at a temperature of 3000 K where the
isotope is in a molecular fluid phase (Weir, Mitchell, &
Nellis 1996). Discussed below are results of measurements
of the EOS of strongly shocked deuterium where the tran-
sition from an insulating state to the metallic phase has
been observed. (EOSs for all hydrogen isotopes are identical
except for a scale factor in density. Deuterium was used
because, for a given shock intensity, higher pressures can be
reached in [higher density] deuterium than in hydrogen.)

Shocks impart entropy to the sample so that the sample
does not follow an isentrope but rather a Hugoniot; so
dynamic experiments access a different part of the EOS
than static measurements. The Hugoniot is the locus of
density, pressure, and energy states in a material following
passage of a single shock and is a well-defined curve on the
EOS surface (see Fig. 1).

Shock wave experiments using light gas guns have pro-
duced Hugoniot data on deuterium (initial density p, =
0.17 g cm™3) up to 0.23 Mbar (p =0.58 g cm™3* and
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F1G. 1.—Model phase diagram of hydrogen in the regime of the fluid metal-insulator phase transition (Saumon, Chabrier, & Van Horn 1995). “H, ” and
“H” are regions that are mainly molecular and atomic hydrogen, respectively; outside of these regions hydrogen is primarily an ionized fluid. “J” is a model
isentrope for Jupiter (Saumon et al. 1995); “G1229 B” is an isentrope for brown dwarf G1229 B (Hubbard et al. 1997). “Hy,,” and “Dy,,” are model

hydrogen and deuterium Hugoniots (Ross 1998).

T = 3900 K), below the metal-insulator transition (Nellis et
al. 1983; Holmes, Ross, & Nellis 1995). Temperature mea-
surements of shocked deuterium (Holmes et al. 1995; Nellis,
Ross & Holmes 1995) first indicated that the hydrogen EOS
may be softer (more compressible) than had been earlier
believed. Gas guns in use at present are not capable of
producing pressures on the deuterium Hugoniot above
about 0.25 Mbar. High-power lasers have long been known
capable of driving higher pressure shocks but accurate,
near-Mbar absolute EOS data had never been obtained
using lasers.

2. MEASURING EOS DATA WITH LASERS

The use of intense lasers to drive strong shocks in matter
with the purpose of establishing measurable high pressure
states has long been considered (van Kessel & Sigel 1974;
Ng, Parfeniuk, & Da Silva 1985; Lower et al. 1994; Koenig
et al. 1995; Evans et al. 1996). However, several obstacles
have to be overcome to obtain reliable data.

First, the shock produced must be spatially uniform. A
modulated shock possesses a range of pressure and densities
along the shock front and is unsuitable for measurements.
This issue can be partially addressed by target design and
smoothing of the beam. The shock should also be planar.
Producing a strong shock with a high laser intensity
obtained by focusing to a small spot may succeed only in

driving a near-spherical shock wave into the target, making
experimental interpretation difficult. A laser spot that is too
small will also be subject to edge effects, that is, rarefaction
waves releasing from the perimeter of the spot and moving
radially inward. If the spot diameter is small, these rarefac-
tions can reach the center of the spot on the timescale of the
measurements, compromising the results. Second, the shock
should be steady in time and long in duration. This allows
measurements over longer times with enhanced precision.
These two points specify that high laser intensity is neces-
sary for high-pressure shock production but it is not suffi-
cient. High laser energy provides the capability of
producing spatially large shocks at high pressures and
driving them uniformly over long periods. In practice, for
laser experiments, a large spatial scale is about 1 mm and
long times are 10 ns. This puts a burden on diagnostic
capabilities, but the national inertial confinement fusion
program has pushed the development of such instrumen-
tation for high power lasers.

The last difficulty associated with laser-driven EOS mea-
surements is so-called preheat; that is, heating of the sample
prior to the intended shock arriving in the sample. A single
shock drives a sample to a point on the Hugoniot where
conservation relations require that two independent param-
eters be measured to obtain an absolute EOS data point.
The shock speed, U, particle (or pusher) speed U, final
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pressure P, and final density p are related by
P_P0=p0UsUp (1)
and

p/pO = Us/(Us - Up) 3 (2)

where p,, is the initial density, P, is the initial pressure, and
p/po is the compression (Zeldovich & Raizer 1966). The
experiments measure of U and U,. By equation (2), only
the compression is determined in a shock experiment, not
the final density, so that p, must be known in order to
obtain p. If the sample is disturbed prior to shock arrival, p,
can be reduced by volume expansion if the sample is heated
or increased by a preshock or thermal expansion of other
parts of the target. In either case, both P, and p, will be
unknown and the determination of the final state will be in
error. In the experiments described below, samples of liquid
deuterium at 20 K were located less than 200 ym from a
20 x 10° K laser-matter plasma, so the results depended on
knowing that the deuterium was not affected by the nearby
heat source.

3. EOS MEASUREMENTS OF DEUTERIUM FROM 0.25 TO
3.4 Mbar

The high-energy Nova laser (Campbell 1991) was used to
shock liquid deuterium to pressures that span the metal-
insulator transition on the Hugoniot. Measurements of U,
and U, were made that, via equations (1) and (2), yielded
final pressure and density. In addition, the shock tem-
perature was measured up to 2.4 Mbar on the Hugoniot.
Last, a reflective diagnostic provided confirmation that the
experiments spanned the metal-insulator phase boundary.

Liquid deuterium at 20 K was contained in a 1.5 or 1 mm
diameter, 0.45 mm long cylindrical cell machined into a

Drive
Beam

Aluminum
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copper block. One end of the cell was sealed with a metal
(Al or Ce) disk that acted as a shock pusher; the outside of
each pusher was coated with a low atomic number ablator.
X-ray—transmitting windows of Be foils allowed radiogra-
phy transverse to the shock direction through the sides of
the cell. The sample could also be viewed with several
instruments from behind through a 0.5 mm thick sapphire
window. A spatially smoothed Nova laser beam (4, = 527
nm) with an intensity of 10'3 to 3 x 10'* W ¢m™? irradi-
ated the ablator for 5 to 10 ns. The ablator minimized pro-
duction of high energy X-rays in the laser plasma and drove
a shock into the metal pusher. When the shock reached the
rear of the pusher, the pusher/deuterium interface released
into the deuterium at the speed U, while the shock propa-
gated ahead at the speed U,. The radiography source was a
Nova laser—heated Fe foil (see Fig. 2).

3.1. Pressure and Density on the Hugoniot

Using transverse radiography, the positions of the shock
front and the interface were tracked as a function of time to
obtain measurements of U and U, for each experiment. A
streak radiograph is shown in Figure 3. The pusher is
opaque to backlighter X-rays so the interface is the bound-
ary between the light and dark regions. At t = 0, the shock
crosses the interface and the interface surface begins to
move; by 3 ns, the interface is moving at the final speed U,.
The shock front is visible as a dark line propagating ahead
of the interface since backlighter X-rays grazing the shock
front are refracted out of the collection optics. The slope of
this line is U,.

The sapphire window at the back of the cell admitted a
probe laser. On some experiments a Michelson interferome-
ter was used to image the rear of the pusher through the
unshocked deuterium. The interferometer monitored the
surface position for evidence of radiative heating of the
target (Da Silva et al. 1997). The demonstrated lack of

Sapphire Window

Lens

Interferometry or Pyrometry

Fi1G. 2—Diagram of the cryogenic cell to measure properties of the EOS of deuterium
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F16. 3.—Transverse streak transmission radiograph of a deuterium EOS target with a Be pusher at a laser intensity of 7.6 x 10> W cm ™ 2. Shock release
into the deuterium is at ¢ = 0. The image shows a shock decelerating until ¢ = 3 ns where it becomes steady where the slopes of the interface and shock are U,

and U, respectively.

sample preheat allowed us to confidently use laser-driven
shocks for EOS measurements on deuterium (Gupta &
Sharma 1997).

Pressure-density data are shown in Figure 4 (Collins et al.
1998a). At the lowest compression, the laser data agree with
gas gun results. However, there is a pronounced compress-
ibility above 0.3 Mbar, turning around at about 1 Mbar. At
1 Mbar, the model used in the SESAME EOS tables
(Kerley 1972), as well as the Ross et al. (1983) model (not
shown but similar to SESAME) show the deuterium
Hugoniot density is 0.68 g cm™> (p/p, = 4), whereas the
data show a density of 1.0 g cm ™3 (p/p, = 5.88), an increase
of ~ 50%. This softer EOS is similar to the models of
Saumon & Chabrier (1991, 1992) and Ross (1998). These
models use minimization of the free energy of a mixture of
molecular, atomic, and ionic species to determine species
concentrations and establish thermodynamics of the
mixture. The methods, and in particular the interspecies
potentials, are different in each case. Ross also uses the
expedient of a term determined by gas gun shock data. The

Monte Carlo simulations (Militzer et al. 1998) are the
closest to an unmodeled theory. They represent numerical
integration of the interactions of a finite set of individual
nuclei and electrons. They show a high compression but at
a lower pressure than the data evince. The high-
temperature ACTEX model (Rogers 1986; Rogers,
Swenson, & Iglesias 1996) also predicts a high shock
density. However, at higher pressure these latter models lie
to the low-density site of the data. A molecular dynamics
simulation Hugoniot (Lenosky et al. 1997) predicts only
slight effects of dissociation and ionization on the Hugon-
iot.

3.2. Temperature on the Hugoniot

Temperature is fundamental to thermodynamics and
EOS models, but it is not part of the Hugoniot relations
that allow experimental determination of pressure, density,
and internal energy of a shock-compressed state. Tem-
perature measurements provide important and independent
detail of the state of the system. It was the gas gun shock
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Fi1G. 4—Hugoniot data presented as pressure vs. density. Gas gun data
(triangles) are shown (Nellis et al. 1983; Holmes, Ross, & Nellis 1995). The
EOS model of Ross (1998) is shown as the dotted line. Other theoretical
Hugoniots are from the widely used SESAME tabular EOS: Kerley (1972,
1980; solid line), the hydrogen EOS of Saumon & Chabrier (1991, 1992;
dashed line), ACTEX theory (Rogers 1986; long dash-dotted line), path
integral quantum Monte Carlo simulations (Militzer et al. 1998; chain
double dotted line), and tight binding molecular dynamics simulations
(Lenosky et al. 1997; dot-dashed line).

temperature measurements of Holmes et al. (1995) on
double-shocked deuterium that first indicated that there
might be a softening of the EOS in the Mbar regime. They
constructed an EOS model that spanned the transition
from an insulating state to a dissociated metallic state using
a mixing model (Ross 1998). This provided a quantitative
prediction of the transition from the molecular fluid into the
atomic metal phase along the (single-shock) Hugoniot. The
resulting model Hugoniot exhibited significant softening at
pressures above 0.25 Mbar, a prediction that was then con-
firmed by laser-produced shock experiments (Da Silva et al.
1997; Collins et al. 1998).

Temperature determinations were made for Mbar-
shocked deuterium using multifrequency pyrometry, similar
to the experiments of Holmes et al. (1995). Emission from
the shock front was observed through the sapphire window
in the rear of the cell. Measurements of the absolute spectral
radiance I(A) of the shock front at several wavelengths were
made using a fiber-coupled multichannel pyrometer. The
temperature was found by fitting I(4) to a graybody Planck
spectrum,

2nhc? he -t
IA)=¢ JE (exp e T — 1) , (3)

where the emissivity ¢ and temperature T were fitting coeffi-
cients. Details can be found in Collins et al. (2000). Selected
results of these measurements are shown in Figure 5 where
the density was determined by transverse radiography
simultaneous with the end-on pyrometry. The data appear
to show an inflection as the Hugoniot pressure enters the
regime of high compressibility (see Fig. 4). The Saumon-
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FiG. 5—Hugoniot temperatures determined from pyrometry of the
shock front of laser-shocked deuterium. Curves are the same as Figure 4.

Chabrier model has an evident inflection (evidence of their
predicted first-order phase transition), but the temperature
is too high. The Ross mixing model predicts Hugoniot tem-
peratures that are similar to the data but without an evident
inflection (evidence of that model’s assumption of a contin-
uous phase transition). As with the pressure-density data,
there is no evidence for any abrupt phase behavior on the
Hugoniot. The SESAME model, which shows little effect of
the phase transition on the EOS predicts a temperature that
rapidly rises along the Hugoniot.

3.3. Metallization of Deuterium on the Hugoniot

High-pressure laser-driven data presented in the two pre-
vious sections showed that something significant occurs on
the Hugoniot of hydrogen isotopes near 1 Mbar pressure.
The compressibility increases dramatically beginning at
about 0.3 Mbar, increases further up to about 1 Mbar, then
turns around at higher pressures (see Fig. 4). At the same
time the temperature remains low at low pressures com-
pared to early models and increases significantly only after
the turnaround (see Fig. 5). In order to investigate the
material properties in this regime, a reflecting diagnostic
called a velocity interferometer (Barker & Hollenbach 1972;
Celliers et al. 1998) was positioned to view the shock front
from the rear of the cell through the sapphire window.
Velocity interferometry measures the Doppler shift of light
reflected from a moving surface, in this case of a probe laser
with wavelength = 1064 nm. The recorded fringe shift is
directly proportional to the Doppler shift and, therefore, to
the velocity of the reflecting surface. In Figure 6, before
shock breakout at t = 0, the reflected light originates from
the motionless pusher surface and the fringes are stationary.
For t > 0, the pattern shifts to a new phase since the reflec-
ting surface is no longer the pusher surface but the shock
front moving at U, in the deuterium sample. Velocity
interferograms produced shock speeds that equal those
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Fi1G. 6.—End-on streak velocity interferogram of the shock front in the
same target as shown in Fig. 3. Deceleration of the shock is evinced as
fringe motion from ¢ = 0 to t = 3 ns, then the shock becomes steady. The
high reflectivity from the shock front indicates a metallic state.

determined from radiography but with greater accuracy. In
addition to the EOS experiments that were designed to
produce a single-shock pressure along with a constant
shock speed, additional experiments were performed with
an attenuating shock pressure and consequent decelerating
shock speed. The purpose of these latter shots was to
measure reflectivity over a broad range of shock speed; the
shock speed could be turned into pressure from our EOS
data. Figure 6 is an interferogram of one of the attenuating
shocks.

The interferometer supplied instantaneous measurements
of the (single-wavelength) reflectivity of the shock front. At
low shock pressures, the reflectivity is a few percent.
However, above 0.5 Mbar the measured reflectivities are
around 60%, characteristic of a metal (Celliers et al. 2000).
Since the temperature of the shocked deuterium is ~ 7500
K, much less than the ionization potential, the high reflec-
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tivity is due to free electrons produced by a combination of
density and thermal effects. In plasma physics, this is
referred to as pressure ionization. The temperature is also
much less than the Fermi energy ¢z ( ~ 150,000 K) so the
term metal is appropriate.

4. CONCLUSIONS

A high-power laser has been used to access regimes of
pressure, density, and temperature of hydrogen isotopes
that have been unexplored until now. In order to reach
these conditions and return usable results, a number of
experimental techniques were developed and employed.

The data show that deuterium is a near-fully dissociated,
partially ionized metallic fluid, at pressures between 0.5 and
0.8 Mbar and temperatures of around 6-10,000 K. The
process begins at about 0.3 Mbar on the Hugoniot and
continues until at least 1 Mbar. Some of the higher pressure
data lie to the high-compression side of all of the theoretical
Hugoniots; these data are not yet explained, but there is a
trend in the data toward the high pressure ideal gas com-
pression limit of 4.

The data offer an assessment of the EOS of hydrogen
isotopes on both sides of the metal-insulator phase tran-
sition. The hydrogen compressibility undergoes a signifi-
cant increase and the temperature is 0.07-0.3 that of the
Fermi temperature where the measured reflectivity indi-
cates that deuterium is transitioning from a molecular insu-
lating state to a metallic one. The data indicate that there is
no first-order phase transition on the Hugoniot (this does
not preclude the existence of a first-order phase boundary
elsewhere in the EOS phase space).

These data were obtained in conditions that are not very
different from those found in the atmospheres of giant
planets and outer envelopes of low-mass stars that are
largely hydrogen. The measured Hugoniot and confirma-
tion of the existence of a metallic state at relatively low
pressures will constrain theoretical models of the equations
of state of hydrogen isotopes.
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